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GENETIC DISORDERS – DEVELOPMENT
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Functional glucocorticoid receptors in the mesonephros of the fluid, which accumulates over this period, represents
ovine fetus. mesonephric urine [2–4].
Background. At 27 days of gestation in the ovine fetus (term 5 Urine formed by the mesonephros enters the bladder145 to 150 days), the only kidney is the mesonephros, and
via the mesonephric duct. The urethra is not yet patent,allantoic fluid represents fetal urine. The hypothesis tested in
and all urine leaves the bladder, via the urachus, to enterthis study was that functional glucocorticoid receptors (GRs)
are present in this early mesonephric kidney. the allantoic compartment. The allantois is completely
Methods. Pregnant ewes, between 26 and 30 days, were in- separate to the amniotic compartment, which surrounds
fused with saline, dexamethasone (0.48 mg/hour), cortisol (5 the fetus and occupies the nonpregnant horn, as wellmg/hour), or aldosterone (10 mg/hour) for 48 hours and were
as the upper part of the pregnant horn. However, thethen killed for collection of fetuses and fetal fluids. GR mRNA
mesonephros not only functions as an excretory organ,was measured by real-time polymerase chain reaction in whole
fetuses, and the location of gene expression was determined but may contribute to adrenal, gonad, and limb develop-
by hybridization histochemistry. ment and to erythropoietin production [1]. Expansion
Results. Significant changes in allantoic fluid composition of the allantochorion membranes, caused by increasingwere produced by the exposure of the fetus to maternally
allantoic fluid/mesonephric urine, brings the fetal tro-infused synthetic (dexamethasone) and natural (cortisol) glu-
phoblast cells into contact with the specialized areas ofcocorticoids, over a period of two days, compared with fetuses
of ewes infused with vehicle (isotonic saline; N 5 8) or aldoste- the uterine endometrium (caruncles) where attachment
rone (N 5 8). Volume of fluid was unchanged by any treatment, can occur. Thus, the cotyledonary placenta of the rumi-
but both dexamethasone (N 5 10) and cortisol (N 5 8) caused nant is formed at up to 100 sites in both uterine horns.significant (P , 0.05) decreases in sodium and chloride concen-
The mesonephric kidney is the only kidney present intrations and increases in concentrations of potassium, urea,
glucose, and fructose. GR mRNA was detected in equivalent this early stage of development, as the first division of the
concentrations in the whole fetuses of saline, dexamethasone, metanephric duct, which is the beginning of metanephric
and cortisol treatments. The GR mRNA levels were signifi- development, occurs at this time [4]. It has been shown
cantly decreased in the aldosterone group. By hybridization
previously that the mesonephros at 27 days expresseshistochemistry, GR mRNA was detected in most of the tubular
the mRNA for both types of angiotensin II receptorscells of the mesonephros.
Conclusion. These results suggest that functional GRs are (AT1 and AT2) [5], although no expression of the genes
present in the early ovine mesonephros. for renin, angiotensinogen, and angiotensin-converting
enzyme was seen until about 40 days [4]. It is therefore
possible that receptors are expressed before the ligand.
As recently reviewed [1], the mesonephric kidney of In separate studies, it has been shown that when ovine
the ovine fetus develops and regresses over the period fetuses are exposed to excess glucocorticoid early in ges-
of 17 to 57 days of gestation, where term is 145 to 150 tation, the resulting female lambs become hypertensive,
days. The maximum number of nephrons are present at with progressively increasing blood pressure as they age
27 to 30 days, and it is commonly agreed that the allantoic that is associated with increased cardiac output and al-
tered baroreflex [6, 7]. The mechanisms inducing these
long-term changes are unknown. Although the classicKey words: cortisol, mesonephric function, real time PCR, allantoic
fluid, hypertension, blood pressure. glucocorticoid receptor (GR) is known to have a high
affinity for dexamethasone [8], there are other moreReceived for publication July 7, 2000
recently described receptors, such as the pregnane-X-and in revised form August 16, 2000
Accepted for publication August 18, 2000 receptor (PXR), which also has a high affinity for this
synthetic steroid [9], and is also found in the kidney. InÓ 2001 by the International Society of Nephrology
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addition to binding to the type II GR, dexamethasone at approximately 9:30 a.m. There were two sets of twins
in the dexamethasone (D) group and one set in each ofcan bind to the progesterone receptor, and alteration of
the estrogen/progesterone concentrations during early the saline (S), cortisol (F), and aldosterone (A) groups.
The number of fetuses per group and the gestational agepregnancy in the ewe has been shown to increase allan-
toic fluid volumes [10]. The classic mineralocorticoid re- (mean 6 SEM) at tissue collection were, respectively, as
follows: S-8, 28.5 6 0.4; D-10, 28.8 6 0.3; F-8, 28.5 6 0.4;ceptor (MR) also binds dexamethasone with high affinity
[11]. The mesonephros of the early human fetus at six- and A-8, 28.6 6 0.2.
In addition, in an initial study, whole fetuses and allan-weeks postconception is reported to express detectable
MR mRNA and to have undetectable levels of GR toic membranes were collected from four untreated fe-
tuses, at 27 days of gestation, to assess the presence ofmRNA [12]. It was therefore of some interest to deter-
mine whether functional GRs were present anywhere in GR mRNA.
The ewes were killed with an overdose of pentobarbi-the fetus at this early stage of development.
In ovine fetuses closer to mid-gestation—60 to 80 days tone sodium (Na; 100 mg/kg body weight Lethabarb;
Arnolds, Reading, UK) either immediately or within anof gestation—when only the metanephros is present,
treatment of the pregnant ewe with dexamethasone for hour of blood sampling. The uterus was excised and
opened, and the fetus within the intact allantois wasseveral days produces profound changes in allantoic fluid
volume and composition, which can be shown to result removed. Allantoic fluid was measured in a graduated
cylinder, and amniotic fluid was measured with a 1 mLfrom a substantial and sustained increase in urine flow
into the allantoic compartment [13, 14]. syringe attached to a 23 gauge needle. Samples were
taken for ions, Glc, fructose (Fru), total protein (TP),The hypotheses tested in the current study were as
follows: (1) GR mRNA is expressed at 27 days of gesta- osmolality, urea, and creatinine (Cr). The whole fetus,
stripped uterus, and cotyledons were weighed. Cotyle-tion in the ovine fetus, and (2) there are functional GRs
in the mesonephros at this time. The presence of GR dons and the allantoic membrane were separated into
two samples and either fixed in 4% paraformaldehydemRNA was detected by a recently developed extremely
sensitive real-time polymerase chain reaction (PCR) in 0.1 mol/L phosphate buffer (pH 7.2) at room tempera-
ture for morphology and immunohistochemistry/hybrid-assay, and changes in allantoic fluid, following mater-
nal treatment with dexamethasone/cortisol/aldosterone, ization or were snap frozen in liquid nitrogen for total
RNA extraction. The whole fetus and amnion was eitherwere followed to assess the functionality and type of
receptor. fixed or frozen. Fetuses, cotyledons, and membranes
were fixed overnight, washed, dehydrated in 70% etha-
nol, and subsequently embedded in paraffin.
METHODS
Experimental animals Hormone assays
Adrenocorticoid hormone (ACTH) was measured us-Pregnant Merino ewes, with the first day of gestation
taken as the day of mating, were transported from the ing a commercially available kit (Dyno, B.R.A.H.M.S.;
Diagnostica, Henning, Berlin, GMBH, Germany). Thisfarm to the institute at least two days before cannulation.
Ewes were cannulated with a polyurethane cannula (1.15 immunoradiometric assay recognizes human and ovine
ACTH (1–39), but does not cross-react with other ACTHmm inner diameter, 1.70 mm outer diameter) via the
jugular vein one to two days prior to treatment. On the fragments. The sensitivity of the assay was 2 pg/mL, and
intra-assay CV was 5.2% at 20 pg/mL and 6.3% at 10day of treatment, ewes were assigned to either saline (S)
or steroid treatment groups. Treatment started between pg/mL. Plasma cortisol was measured in maternal plasma
using a radioimmunoassay, which has been described indays 26 to 28 of gestation and lasted for 48 hours. Venous
blood samples were taken for plasma ions, glucose (Glc), detail and validated for use with ovine fetal blood [16].
Intra-assay and interassay coefficients of variation wereand hormones. Animals were then infused with either
heparinized saline (0.19 mL/hour), dexamethasone (0.48 10.3 and 13%, respectively. Aldosterone was also mea-
sured using an established radioimmunoassay [17]. Formg/hour at 0.19 mL/hour), cortisol (5 mg/hour at 3 mL/
hour), or aldosterone (10 mg/hour at 3 mL/hour) for 48 the aldosterone assay, the intra-assay and interassay co-
efficients of variation were 7.8 and 11%, respectively.hours via a Braun infusion pump (Melsingen, Germany).
The dexamethasone treatment was the same as that used
RNA extractionspreviously to produce hypertensive offspring in sheep
[6, 7]. Doses of cortisol and aldosterone were chosen to Total RNA was isolated from frozen allantois based
on the method of Chomczynski and Sacchi [18]. Briefly,give maternal plasma concentrations of these steroids
equivalent to those occurring when one adrenal is maxi- approximately 1 to 2 g of tissue were homogenized in
4 mol/L guanidium thiocyanate followed by three phenol/mally stimulated [15]. Blood was again sampled immedi-
ately after the infusion. All blood samples were taken chloroform extractions. After the final centrifugation, the
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aqueous phase containing the total RNA was removed mine; Applied Biosystems), was included with the prim-
ers in each PCR reaction. The TaqMant probe and prim-and precipitated overnight at 2208C by the addition of
isopropanol. After centrifugation, total RNA pellets ers for 18S were supplied by PE Applied Biosystems in
a control reagents kit.were washed in 70% ethanol and air dried. Pellets were
resuspended in diethyl pyrocarbonate (DEPC; 0.05%) Polymerase chain reaction reactions were carried out
in 25 mL volumes consisting of 1 3 TaqMant Univer-Milli Q water.
Total RNA was isolated from frozen 28-day whole sal PCR Master Mix (including passive reference), 50
nmol/L TaqMant 18S probe, 20 nmol/L 18S forwardfetuses using RNAzoleB RNA isolation solution (Gene
Works Pty Ltd., South Australia, Australia). RNA pel- primer, 80 nmol/L 18S reverse primer, 75 nmol/L Taq-
Mant GR probe, 900 nmol/L of both forward and reverselets were resuspended in DEPC (0.05%) Milli Q water.
RNA concentration and quality were quantitated spec- GR primers and 50 ng of cDNA. Preparations were
amplified using the following conditions: 508C for 2 min-trophotometrically at 260 and 280 nm.
The integrity of the total RNA was assessed by the utes and 958C for 10 minutes followed by 40 cycles of
958C for 15 seconds and 608C for 1 minute.presence of sharp bands representing 28S, 18S, and 5S
rRNA when 1 mg of tRNA was loaded onto a 1% denatur- Comparative CT calculations for the expression of GR
were all relative to adult kidney. First, 18S CT valuesing gel. Samples were stored at 2808C until further use.
were subtracted from GR CT values for each well to give
Reverse-transcription/real-time PCR a DCT value. DDCT values were achieved by subtracting
the average adult kidney DCT value. The expression ofTotal RNA (0.1 mg) was reverse transcribed (RT) in
a 10 mL reaction containing 1 3 TaqMant RT buffer, GR relative to the adult kidney was evaluated using the
expression 22DDCT. Five aliquots of cDNA from one assay5.5 mmol/L MgCl2, 500 mmol/L each 29-deoxynucleoside
59-triphosphate, 2.5 mmol/L random hexamers, 0.4 U/mL gave an intra-assay CV of 27%. All samples were assayed
in one run. These values therefore give the ratio of GRRNase inhibitor and 1.25 U/mL MultiScribee reverse
transcriptase (Applied Biosystems, Forster City, CA, mRNA in fetal tissue to that in adult kidney.
USA). To assess genomic DNA contamination, controls
Riboprobes for GRwere set up in which no reverse transcriptase was in-
cluded in reverse transcription reactions from all total A plasmid containing 900 bp of partial ovine cDNA
sequence was kindly donated by Dr. G.L. HammondRNA samples. The reverse transcription reactions were
carried out in a GeneAmp PCR System 9600 (PE Ap- [20]. After the recombinant plasmid was linearized, both
antisense and sense (negative control) riboprobes wereplied Biosystems) at 258C for 10 minutes, 488C for 30
minutes, and 958C for 5 minutes and were stored at 48C. prepared by in vitro transcription using the Promega
riboprobe kit (Promega, Madison, WI, USA), whereFor the relative quantitation of GR and the endoge-
nous 18S ribosomal RNA (18S), real-time quantitative [a35S]UTP (100 CI mmol21) was incorporated (Bresatec,
Thebarton, Australia). The riboprobes were hydrolyzed,PCR was performed [19] using an ABI PRISM 7700
Sequence Detector (Applied Biosystems). A multiplex precipitated, and resuspended in 10 mmol/L dithiothrei-
tol (DTT) prior to hybridization histochemistry.comparative CT method was employed in this study, in
which a CT value reflects the cycle number at which DNA
Hybridization histochemistryamplification is first detected. In the multiplex reactions,
both GR and 18S gene expression were detected in each The riboprobe was used at a final concentration of
0.02 ng/mL in hybridization buffer consisting of 50%well, where primers were limited for 18S. No effect on
CT values was observed when primers limited to nonlim- deionized formamide, 20% dextran sulfate, 10% 103
salts [3 mol/L Na Cl, 100 mmol/L Na2HPO4, pH 6.8, 100ited 18S reactions were performed. For the comparative
CT method, a validation experiment was performed dem- mmol/L Tris-HCl, pH 7.5, 50 mmol/L ethylenediamine-
tetraacetic acid (EDTA), pH 8.0, 0.2% bovine serumonstrating approximately equal efficiencies of GR and
18S amplification in the one reaction mix, over different albumin (BSA), 0.2% Ficoll 400, 0.2% polyvinyl pyroli-
done], 3.5% tRNA (20 mg/mL) and 1% DTT. As hybrid-initial template concentrations.
For real-time PCR, GR primers and probe were de- ization histochemistry procedures have been described
elsewhere in detail [5], only a general outline is givensigned using Primer Expresse (Applied Biosystems). A
79 bp fragment was amplified using the forward primer, here.
All slides were hybridized in duplicate, and sense59-ACTGCCCCAAGTGAAAACAGA-39, and the re-
verse primer, 59-ATG AAC AGA AAT GGC AGA probes were used as negative controls. In brief, 5 mm
paraffin sections were cut and mounted on 2% silanizedCAT TTT A-39 (Pacific Oligos, Fortitude Valley, Queens-
land, Australia). A TaqMant probe, 59 FAM (6-carboxy slides, dried overnight at 378C, dewaxed, and rehydrated.
Sections were prehybridized with Pronase E (125 mg/mL;fluorescein)-AAAGAAGATTTTATCGAACTCTGCA
CCCCTGG-39 TAMRA (6-carboxy-tetramethylrhoda- Sigma, St. Louis, MO, USA) at 378C for 10 minutes,
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postfixed in 4% paraformaldehyde for 10 minutes, dehy- 0.001; Table 1). There was also a significant decrease in
phosphate (P , 0.001). Pregnant ewes in the F groupdrated, and air dried. Sections were treated with 80 mL
of riboprobe, covered with a coverslip and left overnight showed similar trends. Aldosterone infusion lead to a
significant decrease in maternal plasma K (P , 0.001),at 558C in a humidified chamber. RNase A digestion (150
mg/mL; Sigma-Aldrich) was performed the following day Cr (P , 0.05), phosphate (P , 0.001), and TP (P , 0.01)
only.for two hours at 378C. Slides were dehydrated, air dried,
and placed on a Fuji phosphor imaging plate (BASIII)
Amniotic fluidovernight before scanning on a Fujix BAS 2000 scanner
to determine possible sites of labeling. Autoradiography The volume of amniotic fluid at this age was very low
(,1.0 mL) and unchanged by any treatment (Table 1).was achieved by dipping slides in liquid emulsion (Ilford,
Essex, UK) and leaving the slides at room temperature Dexamethasone treatment caused significant increases
in the concentrations of Na, Cl, urea, Cr, Fru (P , 0.05),for 10 days. Slides were developed for two minutes in
filtered Kodak D19 developer before fixing in Ilford Hy- Glc (P , 0.001), and Lac (P , 0.01). Cortisol had similar
effects on amniotic fluid Glc and Fru, but smaller effectspam fixer (1:5 dilution) and staining in hematoxylin and
eosin. on the ions. In the A fetuses, the only changes in amniotic
fluid constituents were decreases in calcium and phos-
Sample analysis phate and a small, but significant increase in osmolality.
All fluids were analyzed for osmolality by freezing
Allantoic fluidpoint depression using an Advanced Osmometer (Ad-
vanced Instruments, Norwood, MA, USA). Concentra- There was no significant difference in the volumes of
allantoic fluid with any treatment, the values (mean 6tions of sodium (Na), potassium (K), chloride (Cl), total
carbon dioxide (CO2), urea, creatinine (Cr), glucose SEM) being S-28.4 6 2.5, D-25.3 6 2.4, F-27.9 6 4, and
A-28 6 6.1 mL, respectively. As shown in Figure 1 D(Glc), fructose (Fru), lactate (Lac), and total protein
(TP) were measured using a Synchron CX5 clinical sys- and F, fetuses showed a significant drop in allantoic fluid
Na and Cl (P , 0.05), which resulted in a significanttem (Beckman, Fullerton, CA, USA) as described pre-
viously [13]. decrease in osmolality in the D group only. All treat-
ments resulted in increases in allantoic fluid urea concen-
Statistics trations (P , 0.05). Glc, Fru, and K concentrations were
increased by the glucocorticoid treatments, but only inResults are presented as mean 6 SEM. The combined
maternal plasma samples measured preinfusion were D fetuses did the Lac increase (Fig. 2).
compared with postinfusion values from each group us-
Body weightsing an unpaired Student t test for independent samples.
Fetal fluid volumes and solute concentrations were com- There was no significant difference in fetal body weights
between groups, the values being, respectively, as fol-pared using an unpaired Student’s t-test for independent
samples. All statistics were analyzed on the statistical lows: S-459 6 28, D-528 6 42, F-481 6 24, and A-444 6
30 mg (values are mean 6 SEM).software package Sigmastat (version 2.03).
Real-time PCR
RESULTS
As shown in Figure 3, GR mRNA was measurable in
Maternal plasma fetuses of all groups, and the level was comparable to that
found in the adult sheep kidney. There was no differencePlasma ACTH concentrations were unchanged in sa-
line-infused (S) ewes, being 49 6 10 and 35 6 14 pg/mL between the S, D, and F fetuses, but aldosterone treat-
ment caused a significant decrease (P , 0.001) in thein preinfusion and postinfusion samples, respectively. In
both dexamethasone (D)- and cortisol (F)-infused ewes, total amount of GR mRNA in the whole fetus. In the
allantois of four untreated fetuses, GR mRNA was pres-plasma ACTH concentrations were reduced (from 46 6
14 and 28 6 8) to ,5 pg/mL. In cortisol-infused ewes ent at 48 6 13% of the values found in the respective
whole fetus.(F) plasma cortisol concentrations increased from 68 6
18 to 392 6 66 nmol/L. In aldosterone-infused ewes (A),
Hybridization histochemistrymaternal plasma aldosterone increased from 99 6 14 to
2066 6 270 pmol/L. As can be seen in Figure 4 C and D, GR mRNA
was detectable in most of the epithelial elements in theWhen compared with the preinfusion-combined
groups, pregnant ewes in the D group showed a signifi- mesonephros. Labeling was more extensive in both prox-
imal and distal tubules as compared with that seen incant rise in urea (P , 0.001), Cr (P , 0.001), magnesium
(P , 0.001), Glc (P , 0.001), and Lac (P , 0.01), which collecting ducts. The specificity of the labeling is shown
by the fact that in the fetal liver (Fig. 4 E, F), there iswas reflected by a significant increase in osmolality (P ,
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Table 1. Maternal plasma (1) and amniotic fluid (2) composition at end of 48 hours of infusion of saline (S), dexamethasone (D)
cortisol (F) or aldosterone (A)
Pre S D F A
Sodium (1) 14661 14361b 14561 14361b 14761
(2) 14061 14561a 14061 14061
Potassium (1) 4.160.1 4.060.1 4.060.1 4.260.1 3.760.1c
(2) 14.461.1 14.361.4 16.560.6 15.660.8
Chloride (1) 10861 10661a 10761 10461b 10961
(2) 11461 11861a 11561 11461
CO2 (1) 2861 2761 2861 2961a 2961
(2) 3461 3261 3461 3561
Osmolality (1) 29661 29261 30562c — 29961
(2) 29762 31465c 30662b 30462a
Urea (1) 5.160.2 5.660.4 7.160.3c 7.660.4c 5.560.3
(2) 4.860.4 6.060.3a 6.160.5 5.160.3
Creatinine (1) 0.07160.001 0.06960.002 0.12060.012c 0.07660.004a 0.06560.002a
(2) 0.01660.001 0.02160.002a 0.01660.001 0.01560.001
Calcium (1) 2.6560.03 2.5860.02 2.5760.05 2.6360.05 2.6360.08
(2) 1.1960.05 1.3560.09 0.9960.12 0.9760.10a
Phosphate (1) 1.8260.04 1.8060.08 1.2060.14c 1.3960.10c 1.4460.07c
(2) 0.2860.05 0.2960.08 0.1460.03a 0.0760.03b
Magnesium (1) 0.7760.01 0.7860.03 0.9160.03c 0.9460.03c 0.7760.02
(2) 0.3360.02 0.3860.03 0.3060.01 0.2960.01
Glucose (1) 3.460.1 3.360.1 7.960.3c 5.860.6b 3.260.1
(2) 1.260.1 3.560.2c 2.660.2c 1.060.1
Fructose (1) — — — — —
(2) 4.560.3 7.561.5a 7.460.3c 4.860.6
Lactate (1) 1.060.01 0.960.2 1.460.2b 1.460.1b 0.760.0
(2) 3.960.2 5.160.3b 4.260.2 4.160.1
Total protein (1) 6861 6762 7161a 6962 6261b
(2) 0.1860.04 0.1160.01 0.0860.01 0.0860.01
Values are mean 6 SEM. Numbers in groups are N 5 7 (S,F,A) and 8(D). Units are mmol/L for all except osmolality (mOsm/kg water); creatinine (mmol/L) and
total protein (g/L). For (1) statistics refer to comparison with pre-infusion values; for (2) statistics refer to comparison with S values.
a P , 0.05; bP , 0.01; cP , 0.001
labeling of the hepatocytes but not of the erythroid cells. Allantoic fluid is generally agreed to represent fetal
urine at this stage of development, differing from amni-Also, in Figure 4 A and B, the eye region of the 28-day
otic fluid, which more closely resembles the extracellularfetus shows differing levels of GR mRNA expression in
fluid of the fetus [4]. Allantoic fluid is always hypotonicthe retinal area, the early muscle cells, and the epithelial
to maternal/fetal plasma, but contains some solutes (forcell layer surrounding this. In addition, labeling with the
example, urea, Fru) at greater concentrations. Thesense probe (inset, Fig. 4 A–D) produced no specific
changes in allantoic fluid composition are assumed to besignal. In addition, there was labeling in the heart, lung
due to steroid effects on the mesonephros, although itbud, and certain parts only of the primitive central ner-
is possible that some action could have occurred via thevous system of the whole 28-day fetus (data not shown).
allantoic membrane, as GR mRNA is also expressed inFinally, in the allantois from the 28-day fetus (Fig. 4
allantoic epithelium.G, H), GR mRNA is widely expressed in the allantoic
The drop in allantoic fluid osmolality, Na, and Cl andepithelium. The insert shows labeling with the sense
the rise in K indicate that the mesonephros or potentiallyprobe on the allantois, which again indicates that the
the fetal membranes are responsive to circulating gluco-probe is binding specifically.
corticoid. The decrease in allantoic fluid osmolality with
dexamethasone treatment is due to the decrease in Na
DISCUSSION and Cl concentrations. This was reflected by the rise of
The major findings in this study are that (1) glucocorti- these same ions in the amniotic fluid, suggesting that
coids administered for a short duration to the ewe altered reduced excretion by the mesonephros was responsible.
the composition of the allantoic fluid, and (2) GR mRNA The mesonephros has been shown to express at least the
was found in whole ovine fetal mRNA extracts at 28 a subunit of Na,K-ATPase [21], and glucocorticoids have
days of gestation, at levels equivalent to those in the been shown to be able to induce this enzyme in devel-
adult sheep kidney, and GR mRNA was expressed in oping kidneys [22]. The results obtained in the present
most of the tubules of the mesonephric kidney. Together, article would be consistent with the up-regulation of
these findings indicate that functional GRs exist in the Na,K-ATPase in the mesonephroi of the dexamethasone
and cortisol-treated fetuses.mesonephros at this stage in development.
Peers et al: GRs in mesonephros of the ovine fetus430
Fig. 1. Effects of corticosteroid treatment on allantoic fluid osmolality, Fig. 2. Effects of corticosteroid treatment on allantoic fluid glucose,
Na, Cl, and urea concentrations of 28-day ovine fetuses. Pregnant ewes fructose, potassium, and lactate concentrations of 28-day ovine fetuses.
were treated for 48 hours between 26 and 28 days of gestation with Pregnant ewes were treated for 48 hours between 26 and 28 days of
either saline (S, N 5 7; h) dexamethasone (D, N 5 8; j), cortisol (C, gestation with either saline (S, N 5 7), dexamethasone (D, N 5 8),
N 5 7; ), or aldosterone (A, N 5 7; ). Results are means 6 SEM. cortisol (C, N 5 7), or aldosterone (A, N 5 7). Results are means 6
*P , 0.05; **P , 0.01; ***P , 0.001. SEM. *P , 0.05; **P , 0.01; ***P , 0.001.
as well as allantoic compartment altering the composi-Glucocorticoids stimulate the catabolism of proteins
leading to increased urea and Cr [13]. Although all treat- tion [13, 14].
Dexamethasone and cortisol also had similar effectsment groups showed increases in allantoic urea, this is
difficult to explain for the aldosterone-treated animals. on maternal plasma and amniotic fluid composition. It is
widely accepted that up until mid-gestation, the amnioticIn the older fetus, when the metanephros is present,
exogenous glucocorticoids cause an increase in the rate fluid composition reflects that of the fetal interstitial fluid
[13], although the possibility of some potential alterationof metanephric glomerular filtration and tubular Na re-
absorption, down-regulation of some of the components by the amniotic membrane cannot be discounted. Fetal
plasma cannot be measured at 28 days of gestation; how-of the renin-angiotensin system, as well as maturational
changes in renal distal tubule morphology [13, 14, 23, ever, the older fetus does show some differences between
amniotic and fetal plasma electrolyte, Glc, and TP con-24]. These changes are reflected in the allantoic and
amniotic fluid composition, but differ depending on the tent [13]. Cortisol infusion (5 mg/h) over five days pro-
duces a minor decrease in adult ovine plasma Na, butstage of development and responsiveness of various or-
gans. Also, after midgestation, the urethra becomes pa- has no effect on K. There is also an increase in urinary
output, but not water intake [25]. Cortisol, but not dexa-tent in the sheep fetus and urine drains into the amniotic
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D, and F treatments. However, GR mRNA was not
regulated by the exogenous glucocorticoid treatment. It
was of interest that GR mRNA was down-regulated by
the treatment with the mineralocorticoid aldosterone.
Aldosterone has been shown to be able to decrease the
adrenalectomy-induced increase in GR mRNA in adult
rat hippocampus [27] and spleen [28]. In both cases, the
effect of aldosterone appeared to have been mediated
by an initial action on the MR. In the presence of specific
MR antagonists [27] or in tissues not containing MR [28]
aldosterone had no effect on GR mRNA. The lack of
effect of aldosterone on allantoic fluid composition may
reflect the nature of the mesonephric tubules, and the
lack of the appropriate cellular pumps and enzymes toFig. 3. Relative quantity of GR mRNA. Pregnant ewes were infused
for 48 hours between 25 and 27 days with synthetic [dexamethasone effect a mineralocorticoid action. In the mesonephros,
(D; j) 0.48 mg/hour] or natural [cortisol (F; ) 5 mg/hour; aldosterone at this stage, there are approximately 70 quite large glo-(A; ) 10 mg/hour] corticosteroids. Isotonic saline was used as a control
meruli connected to proximal and distal tubules, and the(h). GR was quantitated via real-time PCR. GR mRNA from 27-day
ovine fetuses is expressed as a ratio to nontreated adult ovine kidney collecting duct, but not the loop of Henle. The dose of
(mean 6 SEM). The GR mRNA expression level was significantly aldosterone chosen was based on a previous study of thedown regulated (or reduced) by the administration of aldosterone. *P ,
maximal aldosterone output of one transplanted ovine0.05.
adrenal gland [15]. In the adult sheep, aldosterone infu-
sion (10 mg/hour) over five days increased plasma Na
and decreased plasma K with a temporary rise in urinary
methasone infusion over the 48-hour period, had a simi- Na retention [24]. Thus, it was unlikely to be insufficient
lar effect on maternal plasma in our study. Maternal to induce mineralocorticoid effects given that the dose
water balance was not measured in this study. was within the high range. A similar decrease in maternal
Fructose is not present in the maternal circulation; plasma K was produced. However, the infusion period
later in gestation, fetal plasma Fru increases when mater- was insufficient to produce a rise in plasma Na. Approxi-
nal and fetal plasma Glc increases [26]. Thus, the increase mately 4.4% of circulating ovine maternal aldosterone
in amniotic fluid Glc and Fru levels is probably secondary has been shown to cross the placenta late in gestation [29].
to increased fetal plasma concentrations and reflects the One may ask the following: What is the natural ligand
glucocorticoid action of dexamethasone and cortisol in the for the GR at this early stage of development? Cells
ewes. Normally, Lac provides an alternate carbon source thought to be the primordium of the future adrenal cor-
for the fetus, which must share maternal Glc with the tex can be seen in the mesoderm cranial to the meso-
uteroplacental tissues [26]. The higher Lac levels seen nephros, but to date there is no evidence that the classic
with glucocorticoid treatment may, like the older fetus, glucocorticoids can be produced at this stage [30]. The
reflect an increased oxygen demand due to the rise in mesonephros, itself, can synthesize estrogen and andro-
Glc. Signs of hypoxia occur in the 80 to 90 day ovine gen from at least one week later in gestation [31]. Cells
fetus when dexamethasone is given for 72 hours [14]. expressing both stem cell factor and the receptor, c-kit,
Glucocorticoid receptors are not necessarily present genes are found in the early mesonephros at 24 to 28
in all organs from early in gestation. GR was not detected days of gestation, and seen migrating to the developing
in the human mesonephros at six weeks; in the human, ovary, which is still attached to the mesonephros until
the mesonephros is present from the fifth week and about day 40 [32]. It has been suggested that the meso-
reaches its zenith by eight weeks [1]. The mesonephros nephros also gives rise to adrenal primordial cells in the
of the early human fetus, at six weeks postconception, sheep [33], and more convincing data have been recently
however, is reported to express detectable MR mRNA published for the mesonephric origin of the adrenal cor-
[12]. Preliminary results show some MR in whole ovine tex in the cow [34]. Thus, it is conceivable that glucocorti-
fetuses at 28 days of gestation (Vicky Hantzis, unpub- coids may be produced and act in a paracrine fashion in
lished observations). In contrast, GR expression in the the mesonephros. Alternatively, the receptors may be
whole ovine fetus was found, and the changes to the fetal present before the appropriate ligand, as seems to be
fluids with treatment indicates that there is not only GR the case for the angiotensin II receptors [5].
mRNA expression, but that there are functional recep- In conclusion, we have shown that there are functional
tors within the mesonephros or membranes or both. GR receptors present in the ovine fetus at a very early
Relatively high values of GR mRNA were detected stage of gestation. Thus, the programming effects of dexa-
methasone treatment of pregnant ewes at this gestationalin equivalent concentrations in the whole fetuses of S,
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Fig. 4. Bright- and dark-field photomicrographs of different regions of the 28 day fetus (A!F ) and the allantoic membrane from the 28 day fetus
(G and H) hybridized with the GR riboprobe. The eye region of the fetus (A and B) shows strong labeling in retinal cells and epithelial cells
surrounding the eye and lower amounts of GR mRNA in muscle and capillary endothelium. (Bars 5 50 mm). The mesonephros at this age (C
and D) shows GR mRNA expression greatest in the proximal and distal tubules, with lower amounts seen in the collecting duct epithelium (Bars 5
50 mm). Probe specificity is also confirmed by the labeling pattern seen in the 28 day fetal liver (E and F). Here, hepatocytes show expression of
GR mRNA, whereas the erythroid cells are negative (bars 5 100 mm). Finally, the allantoic membrane at this stage of gestation (G and H) strongly
expresses GR mRNA in epithelial cells. The sense probe (insert) shows no detectable specific labeling (A, C, E, and F).
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than via an alternate receptor, such as the MR, PXR, or ACTH stimulation of cortisol synthesis by the immature ovine
fetal adrenal gland. J Steroid Biochem Mol Biol 42:527–532, 1992progesterone receptor.
17. Gogerly RL, Coghlan JP, Morgenroth P, et al: Compartmental
model of acute stimulation of aldosterone secretion in vivo by
ACKNOWLEDGMENTS angiotensin II. Am J Physiol 264:E456–E464, 1993
18. Chomezynski P, Sacchi N: Single step extraction of RNA usingThis work was supported by a block grant (No. 983001) to the
acid guanidium thiocyanate and phenol-chloroform. Anal BiochemInstitute by the NHMRC and by grants in aid from the Brockoff
162:146–150, 1987Foundation, BHP (AUS), the Sylvia and Charles Viertel Foundation,
19. Johnston H, Koukoulas I, Jeyaseelan K, et al: Ontogeny ofthe Clive and Vera Ramaciotti Foundation, the Philip Bushell Founda-
aquaporins 1 and 3 in ovine placenta and fetal membranes. Placentation, and the Harold and Cora Brennnen Benevolent Trust.
21:88–99, 2000
20. Yang K, Hammond GL, Challis JRG: Characterization of anReprint requests to E. Marelyn Wintour, Ph.D., Howard Florey Insti-
tute, The University of Melbourne, Victoria 3010, Australia. ovine glucocorticoid receptor cDNA and developmental changes
E-mail: mwc@hfi.unimelb.edu.au in its mRNA levels in the fetal sheep hypothalamus, pituitary gland
and adrenal. J Mol Endocrinol 8:173–180, 1992
21. Wintour EM, Moritz KM: Comparative aspects of fetal renalREFERENCES development. Equine Vet J Suppl 24:51–58, 1997
22. Aperia A, Larsson L, Zetterson R: Hormonal induction of Na-K1. Moritz K, Wintour EM: Functional development of the meso-
ATPase in developing proximal tubular cells. Am J Physiol 241:and metanephros. Pediatr Nephrol 13:171–178, 1999
F356–F360, 19812. Davies J: Nephric development in the sheep with reference to the
problem of the ruminant pronephros. J Anat 85:6–11, 1951 23. Towstoless MK, McDougall JG, Wintour EM: Gestational
3. Tiedemann K: The mesonephros of cat and sheep: Comparative changes in renal responsiveness to cortisol in the ovine fetus. Pedi-
morphological and histochemical studies. Adv Anat Embryol 52:6– atr Res 26:6–10, 1989
31, 1976 24. Dodic M, Wintour EM: Effects of prolonged (48h) infusion of
4. Wintour EM, Alcorn D, Butkus A, et al: Ontogeny of hormonal cortisol on blood pressure, renal function and fetal fluids in the imma-
and excretory function of the meso- and metanephros in the ovine ture ovine foetus. Clin Exp Pharmacol Physiol 21:971–980, 1994
fetus. Kidney Int 50:1624–1633, 1996 25. May CN, Bednarik JA: Regional hemodynamic and endocrine
5. Butkus A, Albiston A, Alcorn D, et al: Ontogeny of angiotensin effects of aldosterone and cortisol in conscious sheep: Comparisons
II receptors, types 1 and 2, in ovine mesonephros and metanephros. with the effects of corticotropin. Hypertension 26:294–300, 1995
Kidney Int 52:628–636, 1997 26. Aldoretta PW, Hay WW Jr: Effect of glucose supply on ovine6. Dodic M, May CN, Wintour EM, et al: An early prenatal exposure
uteroplacental glucose metabolism. Am J Physiol 277:R947–R958,to excess glucocorticoid leads to hypertensive offspring in sheep.
1999Clin Sci 94:149–155, 1998
27. Chao HM, Ma LY, McEwen BS, et al: Regulation of glucocorticoid7. Dodic M, Peers A, Coghlan JP, et al: Altered cardiovascular
and mineralocorticoid messenger ribonucleic acids by selectivehemodynamics and baroreceptor-heart rate reflex in adult sheep
antagonists in the rat hippocampus. Endocrinology 139:1810–1814,after prenatal exposure to dexamethasone. Clin Sci 97:103–109, 1999
19988. Hollenberg SM, Weinberger C, Ong ES, et al: Primary structure
28. Miller AH, Spencer RL, Husain A, et al: Differential expressionand expression of a functional human glucocorticoid receptor
of type I adrenal steroid receptors in immune tissues is associatedcDNA. Nature 318:635–641, 1985
9. Kliewer SA, Moore JT, Wade L, et al: An orphan nuclear receptor with tissue-specific regulation of type II receptors by aldosterone.
activated by pregnanes defines a novel steroid signaling pathway. Endocrinology 133:2133–2140, 1993
Cell 92:73–83, 1998 29. Wintour EM, Coghlan JP, Hardy KJ, et al: Placental transfer of
10. Alexander G, Williams D: Hormonal control of amniotic and aldosterone in the sheep. J Endocrinol 86:305–310, 1980
allantoic fluid, in ovariectomized sheep. J Endocrinol 41:477–485, 30. Wintour EM, Alcorn D, Albiston A, et al: The renin-angiotensin
1968 system and the development of the kidney and adrenal in sheep.
11. Arriza JL, Weinberger C, Cerelli G, et al: Cloning of the human Clin Exp Pharmacol Physiol 25(Suppl):S97–S100, 1998
mineralocorticoid receptor complementary DNA: Structural and 31. Lun S, Smith P, Lundy T, et al: Steroid contents of and steroidogen-
functional kinship with the glucocorticoid receptor. Science 237: esis in vitro by the developing gonad and mesonephros around
268–275, 1987 sexual differentiation in fetal sheep. J Reprod Fertil 114:131–139,12. Condon J, Gosden C, Gardener D, et al: Expression of type 2,
199811b-hydroxysteroid dehydrogenase and corticosteroid hormone
32. Tisdall DJ, Fidler AE, Smith P, et al: Stem cell factor and c-kitreceptors in early human fetal life. J Clin Endocrinol Metab 83:
gene expression and protein localization in the sheep ovary during4490–4497, 1998
development. J Reprod Fertil 116:277–291, 199913. Wintour EM, Alcorn D, McFarlane A, et al: Effect of maternal
33. Upadhyay S, Zamboni L: Preliminary observations on the role ofglucocorticoid treatment on fetal fluids in sheep at 0.4 gestation.
the mesonephros in the development of the adrenal cortex. AnatAm J Physiol 266:R1174–R1181, 1994
Rec 202:105–111, 198214. Tangalakis K, Moritz K, Shandley L, et al: Effect of maternal
34. Wrobel K-H, Suss F: On the origin and prenatal development ofglucocorticoid treatment on ovine fetal fluids at 0.6 gestation. Re-
prod Fertil Dev 7:1595–1598, 1995 the bovine adrenal gland. Anat Embryol 199:301–318, 1999
